Background and aims: Worldwide, cardiovascular diseases (CVDs) remains as the main cause of mortality. Observational studies supports an association between intake of tomato products or lycopene with a reduced CVDs risk. Our aim was to undertake a systematic review and meta-analysis of the evidence on the topic. Methods: Medline, Web of Science, and Scopus were searched from inception until July 2017. We included longitudinal and cross-sectional studies reporting associations between lycopene and tomato consumption and cardiovascular morbidity and mortality among adult subjects. Random-effects models were used to determine the pooled effect sizes. Results: Twenty-eight publications met our inclusion criteria and 25 studies provided quantitative data for meta-analysis. Results showed that individuals in the highest consumption category of, or with the highest serum concentration of, lycopene had significantly lower risk of stroke (hazard ratio (HR) 0.74, 0.62-0.89, p D 0.02; I 2 D 32) and CVDs (HR 0.86, 0.77-0.95, p D 0.003; I 2 D 0). In addition, individuals categorised in the highest serum concentration of lycopene also had significantly lower risk of mortality (HR 0.63, 0.49-0.81, p<0.001; I 2 D 46). Lycopene was not significantly associated with myocardial infarction, while scarce evidence on the association of lycopene with atherosclerosis, congestive heart failure, or atrial fibrillation was evident. Evidence from three studies suggested that higher intakes of tomato were associated with non-significantly lower stroke, CVDs and CHD. Conclusions: This comprehensive meta-analysis suggests that high-intakes or high-serum concentration of lycopene are associated with significant reductions in the risk of stroke (26%), mortality (37%) and CVDs (14%).
Introduction
Low intakes of fruit and vegetables are important global risk factors that contribute to accelerated ageing, morbidity and early mortality, . A number of epidemiological studies of disease endpoints provide strong and consistent evidence for a beneficial effect of fruit and vegetables, combined or separately, on cardiovascular health (Mozaffarian et al. 2011) . Fruit and vegetables intakes in the range commonly recommended (e.g. >5 servings) are associated with 21 to 26% reductions in the risk of stroke (He et al. 2006; Hu et al. 2014) , and with 17 to 25% reductions in the risk of coronary heart disease (CHD) (Dauchet et al. 2006; He et al. 2007; Ness and Powles 1997) .
In addition, epidemiological studies have shown that specific fruit and vegetables individually are significantly associated with reductions for different types of cancer. On this area, recent systematic reviews and meta-analyses of epidemiological studies have reported that high consumption of tomato products is significantly associated with reduced risk of gastric cancer (27%) (Yang et al. 2013) . Tomato is a rich source of lycopene, a major carotenoid in human plasma with strong antioxidant properties (Mein et al. 2008) . Both higher consumption of, and higher blood levels of, lycopene, are also associated with a lower risk of prostate cancer (Chen et al. 2013; Chen et al. 2015; Etminan et al. 2004 ). These findings have triggered an interest on the effects of lycopene and tomato consumption on health outcomes.
A recent systematic review of interventions trails by our group has shown that tomato or lycopene supplementation successfully improved important cardiovascular risk factors including LDL-cholesterol, interleukin-6, flow mediated dilation (FMD), and systolic blood pressure (SBP) (Cheng et al. 2017 ). In addition, observational cohort studies seem to add support by reporting positive associations between higher tomato and/or lycopene intake or status and lower risk of cardiovascular diseases (CVDs) (Jacques et al. 2013) .
A previous meta-analysis on the association of lycopene and stroke reporting a reduction in risk of stroke (19.3%) (Li and Xu 2014) . However this work is now 4 years old and further evidence is likely to be available. Therefore, here we present an updated systematic review of the literature and meta-analysis on the associations between lycopene or tomato consumption and CVD risk and mortality in epidemiological studies. In addition we aimed to explore the impact of important covariates as potential sources of heterogeneity in studies.
Methods
This systematic review was undertaken following standard guidance by the Cochrane collaboration (Higgins and Green, 2011) and the Centre for Reviews and Dissemination (Centre for Reviews and Dissemination, 2009 ). This manuscript is reported according to the PRISMA guidelines (Moher et al. 2010) Figure 1 and Table S1 ). The systematic review protocol Figure 1 . PRISMA flow diagram of selection of studies on lycopene or tomato consumption and cardiovascular diseases.
was registered in PROSPERO, the International Prospective Register of Systematic Reviews (CRD42016049526).
In July 2017, three databases including Medline, Web of Science, and Scopus were searched fro`m inception. In addition, reference lists of identified publications were screened in an attempt to identify further relevant studies.
The searches included the following terms/keywords related to the exposures and outcomes of interest: tomato, lycopene, cardiovascular disease (CVD), coronary heart disease (CHD), myocardial infarction (MI), stroke, atherosclerosis, atrial fibrillation (AF), congestive heart failure (CHF), sudden cardiac death, mortality, and morbidity. The terms related to outcome measures thus included a number of conditions under the umbrella of CVDs, as well as associated disorders such AF. Data for each of these outcomes was extracted if explicitly reported in the original papers. The present systematic review was restricted to articles published in English.
Two authors (HMC, JL) screened articles independently for eligibility. The decision to include/exclude studies was hierarchical and consisted on screening firstly the titles and abstracts of studies; if the authors were unable to reach decision at this stage, then the full-text of the article was evaluated.
Inclusion/exclusion criteria
The following specific inclusion criteria were used to identify eligible articles: 1) Study Design: longitudinal and cross-sectional studies; 2) Subjects: Adult subjects >18 years of age; 3) Exposure: data related to tomato or lycopene dietary intakes or serum concentration; 4) Outcomes: CVD morbidity and associated disorders and mortality outcomes (CVD, CHD, MI, stroke, atherosclerosis, AF, CHF, sudden cardiac death, mortality) expressed as Hazard Ratio (HR), Relative Ratios (RR), and Odd Ratios (OR) with 95% confidence interval (CI).
Exclusion criteria included: 1) Study Design: Non-epidemiological studies; 2) Subjects: Subjects <18 years of age; 3) Exposure: different exposures; 4) Outcomes: risk factors, non-CVD related outcomes.
Data extraction
Extracted information included: study design (country, assessment of tomato and/or lycopene intake, serum lycopene concentrations, cohort name, follow-up length); participant characteristics (sample size, population, mean age, body mass index and ethnicity); outcome measures (CVDs and associated disorders, and mortality, as stated above); adjustment for covariates.
Information related to the outcomes of interest was extracted and analysed as reported in the original papers. If studies reported associations of tomato or lycopene with CVD, but also reported associations for specific CVDs such as stroke or CHD, all these were extracted and analysed separately. This procedure was adopted in order to provide differential associations between the exposures and specific outcomes of interest.
Outcome measures and exposures
Primary outcomes of interest were risk of stroke, CVD, CHD, MI, atherosclerosis, AF, CHF, all-cause mortality, cardiovascular mortality and sudden cardiac death.
We were interested in studies associating these outcomes with exposures such as intakes of lycopene or tomato products, and lycopene concentrations in blood or any other body tissues such adipose tissue.
Statistical analysis
Meta-analysis of results was undertaken using the Review Manager (RevMan Version 5.1 for Windows Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2011). Random effects models, accounting for inter-study variation and minimizing potential bias due to methodological differences between studies, were used.
Results are informed as HR or OR with 95% confidence intervals (CI) and two-sided P-values. In this meta-analysis, five studies evaluated multiple arms of cardiovascular diseases and associated disorders. Meta-regression analysis was undertaken to explore the association of effect size with continuous variables such as age and BMI of study participants, or length of follow up. In addition, we undertook subgroup analysis to explore the impact of variables such as sex, or country of origin.
Statistical heterogeneity was evaluated using the I 2 statistic (Higgins and Green 2011; Centre for Reviews and Dissemination, 2009), with I 2 values greater than 50% representing high levels of heterogeneity. Publication bias was assessed by inspecting the funnel plot of effect size against the standard error (SE), with asymmetry assessed formally with Egger's regression test (Egger et al. 1997) .
Results
A total of 3970 articles were identified Figure 1 ). Twenty-eight articles fulfilling our inclusion criteria (Ascherio et al. 1999; Ford et al. 2014; Hak et al. 2004; Hak et al. 2003; Han and Han 2016; Han et al. 2016; Hirvonen et al. 2000; Iribarren et al. 1997; Ito et al. 2006; Jacques et al. 2013; Kabagambe et al. 2005; Karppi et al. 2013a, b; Karppi et al. 2012a; Karppi et al. 2012b Karppi et al. , 2013c Karppi et al. 2012c; Klipstein-Grobusch et al. 2000; Kohlmeier et al. 1997; Mayne et al. 2004; Osganian et al. 2003; Rissanen et al. 2001; Sesso et al. 2004 Sesso et al. , 2005 Sesso et al. 2003; Street et al. 1994; Tavani et al. 2006; Wood and Johnson, 2004) were included in this review (Table 1) , and 25 of these provided quantitative results for meta-analysis (Ascherio et al. 1999; Ford et al. 2014; Hak et al. 2004; Hak et al. 2003; Han et al. 2016; Hirvonen et al. 2000; Iribarren et al. 1997; Ito et al. 2006; Jacques et al. 2013; Kabagambe et al. 2005; Karppi et al. 2013a, b; Karppi et al. 2012a; Karppi et al. 2012b Karppi et al. , 2013c Karppi et al. 2012c; Klipstein-Grobusch et al. 2000; Kohlmeier et al. 1997; Mayne et al. 2004; Osganian et al. 2003; Rissanen et al. 2001; Sesso et al. 2004 Sesso et al. , 2005 Sesso et al. 2003; Tavani et al. 2006 ). Kohlmeier et al. 1997; Mayne et al. 2004; Osganian et al. 2003; Rissanen et al. 2001; Sesso et al. 2004 Sesso et al. , 2005 Street et al. 1994; Tavani et al. 2006) , and three studies assessed both lycopene and tomato (Jacques et al. 2013; Sesso et al. 2003; Wood and Johnson 2004) . These studies varied according to length of follow up (2 to 17.5 years), sample size (range: 37 to 73286 participants), mean age (45 to 71y), and mean BMI (24 to 28). Overall, the mean serum concentration of lycopene were 0.15 mmol/l (lowest categories) and 0.41 mmol/l (highest categories); mean intakes of lycopene were 1.85 mg/d (lowest categories) and 9.81 mg/d (highest categories). The studies included in this review originated from USA (15), Finland (8) and single studies from Costa Rica, Italy, Japan and Netherland, and a multicentre European study. According to sex, 12 studies included only men and three included only women, while 13 studies were including mixed sex.
Meta-analysis: Lycopene and cardiovascular diseases
Twenty-five studies, including 211704 participants, evaluated the association between lycopene and a number of cardiovascular diseases reported below (Ascherio et al. 1999; Ford et al. 2014; Hak et al. 2004; Hak et al. 2003; Han et al. 2016; Hirvonen et al. 2000; Iribarren et al. 1997; Ito et al. 2006; Jacques et al. 2013; Kabagambe et al. 2005; Karppi et al. 2013a, b; Karppi et al. 2012a; Karppi et al. 2012b Karppi et al. , 2013c Karppi et al. 2012c; Klipstein-Grobusch et al. 2000; Kohlmeier et al. 1997; Mayne et al. 2004; Osganian et al. 2003; Rissanen et al. 2001; Sesso et al. 2004 Sesso et al. , 2005 Sesso et al. 2003; Tavani et al. 2006) .
Stroke
Eight studies, including 119322 participants, evaluated intake or serum concentration of lycopene and incidence of stroke (Ascherio et al. 1999; Hak et al. 2004; Hirvonen et al. 2000; Ito et al. 2006; Jacques et al. 2013; Karppi et al. 2012c; Rissanen et al. 2001; Sesso et al. 2003) . Overall, meta-analysis showed that high intake or serum concentration of lycopene were significantly associated with reduced incidence of stroke (HR 0.74, p D 0.001) . Heterogeneity levels assessed by the I 2 test were low at 32% Figure 2A) . Results from studies evaluating intake of lycopene showed that higher intake was significantly associated with reduced incidence of stroke (HR 0.79, 0.64-0.97, p D 0.02) (Ascherio et al. 1999; Hirvonen et al. 2000; Jacques et al. 2013; Sesso et al. 2003) . Heterogeneity levels assessed by the I 2 test were low at 44% Figure 2A) . Similarly, there was strong evidence that high serum concentration of lycopene was associated with lower risk of stroke (HR 0.61, , p D 0.02) (Hak et al. 2004; Ito et al. 2006; Karppi et al. 2012c; Rissanen et al. 2001 ). Heterogeneity levels assessed by the I 2 test were low at 31% Figure 2A ).
Visual inspection of the funnel plot and calculation of the Egger's regression test indicated no publication bias (p D 0.70) (Supplementary material S1) (Egger et al. 1997) .
In addition, meta-regression analysis on the association between high intake or serum concentration of lycopene and incidence of stroke showed no significant associations with the length of follow-up, age or BMI (Supplementary material S2 to S4).
Subgroup analysis (Table 2) showed that four studies originating from Japan and Finland reported significant reduction in incidence of stroke with high intake and serum concentrations of lycopene (HR 0.63, Subgroup analysis by follow-up time showed that in studies with 8y follow-up, high intake or serum concentration of lycopene were associated with non-significant reductions in the risk of stroke with high heterogeneity levels (HR 0.75, 0.54-1.05, p D 0.09; I 2 D 62%). In studies with a follow-up >8y, high intake or serum concentration of lycopene were associated with significant reductions in the risk of stroke with low heterogeneity levels (HR 0.75 0.60-0.95, p D 0.02; I 2 D 0%). Between-group comparison of these results according to length of follow-up were not significantly different between (p D 0.98).
Subgroup analysis according to age showed that in studies with mean age 55y, high intake of lycopene was associated with non-significant lower risk of stroke (HR 0.85, 0.65-1.12, p D 0.26; I 2 D 0%); however, studies with mean age >55y, high intake or serum concentration of lycopene were associated with significantly lower risk of stroke (HR 0.66, 0.56-0.77, p < 0.001; I 2 D 0%). In addition, two studies in which mean age was not reported showed that high intake of lycopene was associated with non-significant reduction in the risk of stroke with high heterogeneity levels (HR 0.52, 0.12-2.29, p D 0.39; I 2 D 77%).
Subgroup analysis by BMI showed that in studies with mean BMI <26, high intake or serum concentration of lycopene were associated with non-significant lower risk of stroke (HR 0.90, 0.70-1.16, p D 0.44; I 2 D 0%), while in studies with mean BMI 26, high intake or serum concentration of lycopene were associated with significant lower risk of stroke with low heterogeneity levels (HR 0.64, 0.48-0.86, p D 0.003; I 2 D 44%). In addition, one study not reporting mean BMI showed that high serum concentration of lycopene was associated with nonsignificant lower risk of stroke with high heterogeneity levels (HR 0.78, 0.51-1.19, p D 0.25; I 2 D 77%).
CVDs
Seven studies, including 121651 participants, evaluated intake or serum concentration of lycopene and incidence of CVDs ( Overall, meta-analysis showed that high intake or serum concentration of lycopene were significantly associated with a reduced incidence of CVDs (HR 0.86, 0.77-0.95, p D 0.003). Heterogeneity levels assessed by the I 2 test were low at 0% Figure 2B ). Forest plots of epidemiological studies evaluating associations between high serum level/intake of lycopene and risk of (A) stroke; (B) CVDs and (C) mortality. The forest plots shows individual studies, the weight allocated to each of them, and shown in the form of black diamonds, the subgroups and overall effect size as hazards ratios with 95% confidence intervals. CI, confidence interval; df, degrees of freedom; SD, standard deviation; I Results from studies evaluating intake of lycopene showed that higher intake was significantly associated with reduced incidence of CVDs (HR 0.88, 0.78-0.99, p D 0.03) (Jacques et al. 2013; Osganian et al. 2003; Sesso et al. 2003) . Heterogeneity levels assessed by the I 2 test were low at 0% Figure 2B ). In addition, studies evaluating serum lycopene concentrations showed that high concentration was associated with non-significant lower risk of CVDs (HR 0.78, 0.63-0.98, p D 0.03) (Ito et al. 2006; Mayne et al. 2004; Sesso et al. 2004; . Heterogeneity levels assessed by the I 2 test were low at 0% Figure 2B ). Meta-analysis of four studies (Ito et al. 2006; Jacques et al. 2013; Mayne et al. 2004; Osganian et al. 2003) , including 81741 participants, indicated that there was strong evidence that high intake or serum concentration of lycopene were associated with lower incidence of CHD (HR 0.81, 0.67-0.98, p D 0.03). Heterogeneity levels assessed by the I 2 test were low at 26% (Supplementary material S5) .
Mortality
Five studies, including 6249 participants, evaluated serum concentration of lycopene and risk of mortality (Ford et al. 2014; Han et al. 2016; Karppi et al. 2012b; 2013c; Mayne et al. 2004 ). Overall, meta-analysis showed that high serum concentration of lycopene was significantly associated with a reduced risk of mortality (HR 0.63, p>0.001) . Heterogeneity levels assessed by the I 2 test were low at 46% Figure 2C ). In addition, two studies assessing mortality were not included in meta-analysis. One study not included in metaanalysis because the results were based on the use of a different reference group, reported that high serum concentration of lycopene was associated with non-significant lower risk of CHD mortality (HR 0.42, 0.14-1.30, p D 0.42) (Mayne et al. 2004) . The second study reported that among people with lupus erythematosus, high serum concentration of lycopene were associated with a lower mortality rate (5.3%) while the group with low serum lycopene concentration had a mortality rate of 33% .
Others cardiovascular-related disorders
One study evaluating CHF, including 1031 participants, indicated that there was strong evidence that high serum concentration of lycopene was associated with lower incidence of CHF (HR 0.24, p D 0.001 Figures S6 ) (Karppi et al. 2013b ). In addition, Wood and Johnson (2004) evaluating CHF reported that lower lycopene levels was associated with non-significant reduction of CHF among individuals with periodontitis (HR 0.65, 0.21-2.03) and without periodontitis (HR 0.59, ) (Wood and Johnson 2004) . One study by Karppi et al. (2013) evaluated AF and reported that high serum concentration of lycopene was associated with significant increased risk of AF (HR 0.45, p D 0.004) (Supplementary material Figures S6) (Karppi et al. 2013a) .
) (Supplementary material
Meta-analysis of five studies, including 7825 participants, indicated that there was not strong evidence that high serum concentration (Hak et al. 2003; Karppi et al. 2012a) , or either adipose tissue (Kabagambe et al. 2005; Kohlmeier et al. 1997) or intake (Tavani et al. 2006) of lycopene was associated with lower incidence of MI (OR 0.84, 0.57-1.23, p D 0.37) (Supplementary material Figures S7) . In addition, another study on MI that was not included in meta-analysis because the results were based on the use of a different reference group, reported a non-significant higher risk of MI with lower serum lycopene concentration (OR 1.33, CI not provided, p D 0.54) (Street et al. 1994) . Meta-analysis of two studies, including 679 participants, indicated that high serum concentration of lycopene were associated with a non-significant reduction in the risk of incidence of atherosclerosis (OR 0.79, p D 0.09) . Heterogeneity levels assessed by the I 2 test were low at 0% (Supplementary material Figures S7) (Iribarren et al. 1997; Klipstein-Grobusch et al. 2000) .
Meta-analysis: Tomato and cardiovascular diseases
Three studies, including 49110 participants, evaluated the association between consumption of tomato products and CVDs reported below (Jacques et al. 2013; Sesso et al. 2003; Wood and Johnson, 2004) . Jacques et al. (2013) and Sesso et al. (2003) , evaluated intake of tomato and incidence of stroke and CVDs (Jacques et al. 2013; Sesso et al. 2003) . Meta-analysis of these studies, including 43580 participants, showed that high intake of tomato was associated with non-significant reductions in stroke (HR 0.53, 0.12-2.42, p D 0.41), and non-significant reductions in CVDs (HR 0.91, p D 0.26) (Supplementary material S8) . Jacques et al. (2013) including 5135 participants, evaluated tomato product intake and incidence of CHD (Jacques et al. 2013 ). Higher intake of tomato product was significantly associated with a reduced incidence of CHD (HR 0.91, p D 0.03) . Sesso et al. (2003) , including 38445 participants, reported that high intake of tomato based product was non-significantly associated with reduced risk of MI (RR 0.39, 0.12-1.30, p D 0.13) (Sesso et al. 2003) (Supplementary material S8) .
In addition, Wood and Johnson (2004) reported that lower consumption of tomato were associated with significant increased risk of CHF among individuals with periodontitis (HR 5.10, ) and without periodontitis (HR 1.68, (Wood and Johnson, 2004) .
Discussion

Principal findings
This systematic review and meta-analysis of epidemiological studies revealed that there is strong evidence indicating that lycopene intake or serum concentrations were associated with significant reductions of 26% in stroke, 14% in CVDs; while high serum lycopene concentration were associated with significant reduction of 37% in mortality. In addition, subgroup analysis of the studies evaluating stroke revealed that the association of high intakes of lycopene and lower risk of stroke were particularly significant among older and overweight individuals; studies with longer follow-up were also more likely to report significant associations. This systematic review revealed a dearth of evidence on the associations with other cardiovascular outcomes such as atherosclerosis, MI, CHF, AF. Scarce evidence also indicated that high dietary and plasma lycopene, or high intakes of tomato were not associated with significant reduction of stroke, CVDs, CHD, MI and CHF. These results have important public health implications given the high prevalence of CVDs globally.
Scientific analysis of findings and implications for health
A focus on the health impacts of dietary patterns, as a whole, has been emphasised over the past couple of decades (Hu, 2002) , and the important health benefits of major dietary patterns, such as the Mediterranean dietary pattern, are well documented (Estruch et al. 2013) . However, it is evident that the impact of dietary patterns is a result of the additive effects of different food groups and previous evidence highlights this relative contribution of specific food groups to dietary patterns (Trichopoulou et al. 2009 ). CVDs are the leading cause of death, followed by cancer (Wang et al. 2016 ). In addition, results from the Global burden of disease collaboration (Forouzanfar et al. 2016) , indicates that metabolic risk factors such as high blood pressure (1 st ) and blood cholesterol (7 th ), and behavioural risk factors such as low fruit (13 th ) and vegetable (20 th ) intakes are among the top 30 leading causes of death and disability. This meta-analysis showed that high lycopene consumption and serum concentrations were associated with significant reductions of 37% in mortality, 26% in stroke, and 14% in CVDs. Our results on the association of lycopene and stroke are in line with those from a previous meta-analysis reporting a reduction in risk of stroke (19.3%) (Li and Xu 2014) . In addition, a recent meta-analysis on 14 studies reporting significant reductions of stroke (RR: 0.83, 0.69-0.96), CVD (RR: 0.83, 0.76-0.90), and CHD (RR: 0.87, 0.76-0.98) with higher lycopene intake (Song et al. 2017) . Compared with these previous meta-analyses, our systematic review identified 28 studies and 25 of those were meta-analysed on the association of lycopene and tomato and CVD and mortality. Here we also explored the impact of important covariates such as age, and BMI as sources of heterogeneity by means of meta-regression and subgroup analysis.
Taken together, the results of this study and the results from our previous systematic review and meta-analysis on the impact of interventions on tomato and lycopene consumption on cardiovascular risk factors (Cheng et al. 2017) , provide reasonable and consistent evidence supporting the health benefits and important role of tomato products and lycopene as part of a healthy cardio-protective diet. This is an important and reassuring finding given the criticism to which observational evidence is sometimes subjected (Taubes, 1995; Young and Karr 2011) .
Inadequate consumption of fruit and vegetable contributes to 2.6 million deaths per year around the world, and increasing fruit and vegetable to 600 g/day could reduce 1.8% of total global burden of disease (Lock et al. 2005) . Diets with high consumption of fruits and vegetables provide vitamins, minerals and fibre, as well as phytochemicals which contribute significantly to improvements in several risk factors, including blood pressure (BP), lipid levels, insulin resistance, inflammatory biomarker levels, endothelial function, and weight control (Mozaffarian et al. 2011) . Tomatoes are one of the most consumed vegetable and vegetable products, just below the consumption of potatoes, lettuce and vegetable salads, and onions (FAOSTAT, 2014) . Tomatoes are the primary source of lycopene, the most powerful antioxidant, and are therefore likely to lower oxidative stress induced by reactive oxygen species, inflammation and platelet aggregation, decrease lipid peroxidation and reduced low-density-lipoprotein (Bohm, 2012) . All these factors play critical roles in development of atherosclerosis and CVD. Our results should encourage the development of well-designed randomised controlled trials, which may potentially have important implications in primary and secondary prevention of cardiovascular mortality and the global burden of disease.
Strengths and limitations
The strengths of this study include the consistency of findings across the studies which is reflected by low levels of heterogeneity surrounding our findings. In addition, the validity of the results is strengthened by a comprehensive search of the literature adhering to pre-specified criteria.
The potential limitations of these findings merit consideration. These are associated with the widely acknowledged limitations of self-reported intakes of lycopene according to food frequency questionnaire (FFQ) relying on dietary intakes assessed many years before the occurrence of the outcome, which allow for unavoidable changes in dietary habits. The uncertainty associated with the assessment of dietary exposure are unavoidable because of the lack of accurate information and are likely to affect the results (Prentice, 2010) . Usual intakes and their distribution in a given population are difficult to ascertain given the inaccuracy of data collected by dietary methods. Sources of uncertainty associated with dietary methods such as FFQ, used by most studies reviewed in this paper, include measurement error such as portion sizes used to calculate amounts, frequency and duration of consumption (exposure), the levels and frequency of occurrence of compounds in foods, and the relationship between these variables and those unidentified. Recent studies on the evaluation of uncertainty in dietary intakes suggest that uncertainty in portion sizes may vary in relation with different food groups (Souverein et al. 2011) .
Dietary underreporting is a conspicuous and pervasive problem to most dietary studies, thus affecting the relationship between dietary variables and health outcomes (Rosell et al. 2003) . Uncertainty therefore results in the overestimation or underestimation of risk. Significant debate exist over the value of self-reported methods traditionally used in nutritional epidemiology (Dhurandhar et al. 2015; Satija et al. 2015) . Therefore, growing interest in identifying objective biomarkers of food intake is a priority in the field of nutrition and health to overcome some of these limitations (Fave et al. 2011) .
Another potential limitation might be our decision to pool findings from studies using dietary intakes and studies using plasma/serum concentrations of lycopene since high serum lycopene levels might not necessarily mean high lycopene/ tomato intakes. In addition tomatoes also contain other antioxidants such as vitamin C which has also been associated with potential cardio protective effects in some individuals (Ashor et al. 2016 ). Bioavailability and absorption of lycopene might be affected by the degree of processing and preparation as well as on the composition of the food or diet an individual consumes. However, in order to ensure clarity of our findings results are presented as subgroups in the forest plots. In addition, most studies included in the systematic review originated from the USA and their applicability to other populations and other ethnic groups is uncertain. Although we undertook metaregression analysis, we were not able to conduct subgroup analysis to explore the impact of important factors such as ethnicity.
Conclusions
Current evidence from epidemiological studies support the hypothesis that lycopene and tomato may play a beneficial role in preventing cardiovascular diseases and early death. These results complement previous findings by our group on intervention trials indicating that lycopene and tomato supplementation significantly reduced important CVD risk factors. The current systematic review revealed that there is a limited number of studies assessing cardiovascular disorders such as MI, CHF, AF and atherosclerosis; the associations between lycopene and tomato consumption and these disorders need to be investigated in future studies. Overall, these results should encourage the development of promising individualised nutritional strategies to tackle CVD risk factors and diseases.
